I. INTRODUCTION
OWADAYS, extruded (XLPE) cables are the most common cable types in HV underground cable systems. The XLPE cable type has the advantage of having no need for auxiliary equipment and no risk of leakage as the insulation is homogeneous and without any type of fluids.
Modelling HV cables has been the topic of many previous papers [1] , [2] , [3] , [4] , [5] , [6] as the modelling procedure is under constant development. The authors of this paper have previously shown [7] , [8] how insufficient representation of the cables metallic sheath in the modelling software, plays a role in inaccurate simulation results for high frequency studies. This is particularly a problem for long cables where crossbonding points will cause an intersheath current wave to flow in the cable system. An analysis of a deviation between field measurements and simulation results revealed how the sheath conductor should be more accurately represented in the simulation software. The analysis revealed how the characteristics of the sheaths physical layout in the HV cable and the proximity effect should be included in the series impedance calculations.
This paper describes the properties of an XLPE cable and addresses how the physical layout of the HV underground XLPE cable can be modelled in detail in order to have a more precise simulation result. Furthermore the improved modelling procedure is verified against field measurements, where the intersheath mode is explicitly excited.
II. LAYOUT PROPERTIES OF AN XLPE HV CABLE
A layout for a typical HV single core XLPE cable is shown in Fig. 1 . 
A. Core conductor
The purpose of the core conductor is to transmit the required current with low losses. The conductor in HV cables is either made of copper (Cu) or aluminium (Al) where Cu has a lower specific resistance. The advantage of Al over Cu, is that Al has lower mass density which leads to much less weight for the same cable capacity. For HV cables, the conductor is often stranded in order to lower the effective resistance caused by skin and proximity effect. When modelling such a non-solid conductor, the resistivity is increased according to [7] , [9] . 
B. Inner insulation and SC screens
The purpose of the insulation is to ensure no electrical connection between the two current carrying components of the cable, the conductor and the sheath. The SC screens are placed between the insulation and the conductor and again between insulation and the sheath. The purpose of the SC screens is to reduce the electrical stress in the inner insulation and prevent formation of voids between either core conductor or sheath and insulation due to bending of the cable or other mechanical stress.
For accurate modelling of the insulation and SC screens, the permittivity and thickness of the insulation should be corrected according to the theory [9] .
C. Cable sheath
The purpose of the cable sheath is to have a metallic covering used as an electrostatic screening as well as a return path for the cable's charging current and a conduction path for earth fault current in the case of a fault on the cable.
As shown in Fig. 1 , for XLPE cables, the sheath consists of several layers. The two conducting sheath layers, the wired sheath layer and the laminate layer, are separated by a SC layer and are directly connected together both at each junction and cable ends.
The laminate layer is included for water resistance. The swelling tape between the wired sheath layer and the laminate layer is SC in order to ensure no potential difference between the two conducting sheath layers in the occurrence of a failure on the cable. The two conducting layers are not touching each other in order to protect the laminate from mechanical stress because of bending and for thermal protection as the laminate can not tolerate more than 180°C while the wired sheath layer can be up to 250°C.
It is a common practise when modelling the sheath in EMTbased software, to model it as a single solid hollow conductor with the resistivity increased [7] , [10] . This representation has been shown to be insufficient for accurate HV XLPE cable modelling [7] , [8] .
D. Outer insulation
The purpose of the cable outer coverings is mechanical protection against the surroundings. For XLPE cables, the outer insulation is made of high density polyethylene (the relative permittivity is approximately 2.3).
III. MODELING THE CABLE SHEATH
As shown previously, the normal practice when modeling the sheath in EMT-based software is to represent it as a single solid conductor with a specific resistance, even though it physically consists of two conducting layers with a SC tape in between.
By use of high frequency field measurements, it has been shown how this representation of the sheath is inaccurate and gives errors in simulations for cables with cross bonding points, [8] . The topic of this paper is therefore to demonstrate an analysis of the real physical layout of the cable sheath and how to model it with a better accuracy in the software.
For analyzing the series impedance matrix of the cable, the internal loops of each cable are considered, see Fig. 2 . The first loop is formed by the core conductor with the sheath as return and the second loop is formed by the sheath with the ground as return [11] . In this equivalent, the sheath is represented as a single conductor. The loop series impedance matrix is as shown in (1), where the superior indices 1, 2 and 3 denote the respective cable number (phases). 1  1  1  1  1  2  2  2  1  2  2  2  3  3  1  3 
In order to correct for this sheath representation, the sheath mutual impedance, Z Sm , needs to be split into three; impedance because of the wired sheath layer, because of the SC layer and because of the laminate layer. The impedances Z 1 and Z 2 are calculated by (2), [11] , [13] , [14] , [15] .
Where Z C-outer , Z CS-insul , Z S-inner , Z S-outer , Z SG-insul and Z G are the conductor series impedance, the inner insulation series impedance, the sheath inner series impedance, the sheath outer series impedance, the outer insulation series impedance and the earth self impedance respectively.
When calculating the sheath parts of (2), the impedances must be related to the correct layers of the split sheath. Z S-inner is therefore calculated by considering the wired sheath layer and Z S-outer is calculated by considering the laminate layer. This is based on the basic formulas for the sheath impedances given in [13] and shown in the appendix.
The two conducting layers are connected at each cable junction and cable end. An impedance equivalent including this layered sheath will therefore be a delta connection of impedances, see Fig. 4 . The split sheath mutual impedances are given by (3).
Where Z Sm1 and Z Sm3 are the mutual impedances of wired sheath layer (Sm1) and laminate sheath layer (Sm3) respectively and Z 3 is given by (4) . Z Sm1 and Z Sm3 calculations are based on basic formulas given in [13] and shown in the appendix. Where Z S1-outer , Z SC-insul and Z S3-inner are the Sm1 layer outer series impedance, SC layer series impedance and the Sm3 layer inner series impedance respectively calculated from the basic formulas given in appendix. Note that Z SC-insul can be neglected, as the thickness of the SC layer normally is less than 1 mm and therefore log( / For representation of the cables impedance equivalent, this delta connection should be transformed to a star connection as shown in Fig. 5 . The star connection impedances of Fig. 5 are calculated by the delta-star transformation and are given in (5).
By this new modeling procedure for the sheath, the new loop series impedance matrix for the cable system in Fig. 5 can be calculated (6) . This is done similarly to (1). 1  1  11  1  1  1  1  2 2  2  2  11  1  2  2  1  2 2  3  3  11  1  3  3  1 
IV. COMPARISON OF FIELD MEASUREMENTS AND SIMULATIONS
The new modeling procedure, by including the correct physical layout of the cable, is verified against field measurements on a 150 kV cable system in Denmark. The field test results are published as a part of the authors previous paper [8] . The principal of the field test setup is given in this paper.
A. Field measurements
In order to verify the new modeling procedur, the intersheath mode is excited. In other words, the current loop is formed by the sheath of one cable with the sheath of an adjacent cable as return. The reason for this is because analysis for long crossbonded cables has shown that when the intersheath mode is excited, the simulation results vary from measurements [7] .
The cable line used in this paper consists of three phase cable systems with 150 kV single core 1200 mm 2 XLPE cables. The cables are laid in a tight trefoil with the bottom cables at 1.3 m depth, see Fig. 6 , and the measurement setup is shown in Fig. 7 . In the measurement setup, a fast front impulse is used to energise between two sheaths (cable 2 and 3), while the third sheath is grounded. All core conductors are kept open at both sending and receiving end. Sheath voltages at both sending and receiving end of cables 2 and 3 and sheath currents of cables 2 and 3 at sending end were measured. The generator used is a HAEFELY PC6-288.1 surge tester. It is used to generate a 2 kV 1.2/50 μs impulse, see Fig. 8 .
The generated fast front impulse is shown in Fig. 9 . Identical Tektronix TDS 3014B oscilloscopes were used for measuring at both cable ends and the data was logged into a computer.
For all tests, Tektronix HV probes are used and for current measurements a PEM RGF15 was used to measure the sheath currents at the sending end.
B. Simulations and model verification
The cable parameters, used for modeling purposes, are given in Table I and a cross section of the cable is shown in Fig. 10 . The parameters are already corrected according to the theory [7] , [9] .
The simulations are performed using the frequency dependent phase model in EMTDC/PSCAD [4] where the measured excitation voltage in Fig. 9 is used as an input to the simulation model. This ensures the excitation sending end voltage be identical for simulations and field tests. The comparison of field measurements and simulation results, for both modeling the sheath as a single conductor and for the new improved method of including the layered sheath are given in Fig. 11 and Fig. 12 .
As can be seen in Fig. 11 and Fig. 12 , then the simulating error lies in the amplitude and damping of the signals. Both simulation results have inadequate damping of higher frequency oscillations. This is because of wrong imaginary part of the series impedance in the simulation which can be explained by the lack of including the proximity effect in the simulation software. This has been shown by the authors of [7] , [8] , [16] . Fig. 11 and Fig. 12 also clearly show how the new and more correct method of modeling the layered sheath results in much smaller deviation between simulation results and field measurement. The reason for the better damping of simulations when modeling the layer more precisely using the new method described in this paper is a larger and more accurate impedance matrix, compared to the method of simplifying the sheath to only a single coaxial conducting layer. 
V. SUMMARY AND CONCLUSIONS
This paper describes the special properties of an XLPE cable and addresses how the physical layout of the HV underground XLPE cable can be modelled in order to obtain more precise simulation result. Furthermore the improved modelling procedure is verified against field measurements, where the intersheath mode is explicitly excited. This is done as the presence of crossbonding points in long cables causes excitation of intersheath waves. The explicit excitation of the intersheath mode therefore verifies the model for the affect of crossbonding points in long HV AC cables, without having to take into account other modes of propagation as well.
The modelling procedure of simplifying the sheath to be represented as a single conducting coaxial layer is compared to the new method of modelling the more correct physical layout of the XLPE cable and dividing the sheath into layers. Both simulation results are compared to field measurements.
The simulations of the new modelling procedure and field test results agree quite well regarding the damping in the waveforms of the lower frequency components. This indicates that the cable model has been significantly improved. Both simulation results have though inadequate damping of high frequency transient oscillations. As the intersheath current propagates between the screens of adjacent cables, their propagation characteristics are also affected by proximity effects which are not taken into account by the simulation software when calculating the series impedance. Therefore, the remaining error of inadequate damping of oscillations appears in the simulations.
VI. FURTHER WORK
The conclusions indicate that when modeling long cables with cross bonding points the correct physical layout of the sheath is important for correct simulation results. The paper gives a promising new method for modeling the sheath as a number of layers. Although the new modeling method results in less deviation between simulated and measured waveforms, the damping of high frequency oscillations is still inadequate. This is believed to be caused by proximity effect, which is not included in the simulation software. This effect therefore needs attention to further improve the simulation results for high frequency cable system studies.
VII. APPENDIX
The basic formulas for the individual series impedances of the cable are based on [11] , [13] and [15] .
The conductor series impedance: Where μ, r ins-outer and r ins-inner are the insulation permeability, the insulation outer and inner radius respectively.
The sheath inner and outer series impedance: The earth self impedance is calculated from (A6) by exchanging x with r outer , the cable outer radius and setting d i =d j , the cable depth.
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